Ferrets (Mustela putorius furo) develop symptoms upon influenza infection that resemble those of humans, including sneezing, body temperature variation and weight loss. Highly pathogenic strains of influenza A, such as H5N1, have the capacity to cause severe illness or death in ferrets. The use of ferrets as a model of influenza infection is currently limited by a lack of species-specific immunological reagents. Interferon gamma (IFN-g) plays a key role in the development of innate and adaptive immunity and the regulation of Th1-type immune responses. Here we describe the cloning of the full-length cDNA for ferret IFN-g. Multiple sequence alignment of the predicted amino acid sequence with those of other species indicates that the predicted ferret protein shares the highest identity with Eurasian badger IFN-g. We raised two hybridoma clones expressing monoclonal antibodies against recombinant ferret IFN-g capable of detecting IFN-g protein derived from mitogenstimulated ferret PBMCs by immunoblotting, ELISA and ELISPOT assay. Finally, an ELISA utilizing the ferret-specific antibodies detected elevated levels of IFN-g in serum samples from H3N2 influenza A-infected ferrets.
Introduction
Influenza A viruses infect millions of people worldwide resulting in high morbidity and mortality rates, particularly in the very young and elderly [1] [2] [3] [4] highly pathogenic avian influenza A viruses, such as the H5N1 strain, are a significant threat to global health. H5N1 influenza has a high mortality rate, even in healthy young adults, and while human-to-human transmission has been limited, mutation or genetic reassortment of H5N1 influenza A virus may create a strain readily capable of human-to-human transmission and with pandemic potential.
Cytokines are important mediators of the immune response and have been shown to play a pivotal role in host immune defense to microbial infection [5] . Interferon gamma (IFN-g) has been recognized as a multipotent cytokine due to its broad range of regulatory functions during virus-induced host immune responses [6, 7] . IFN-g can directly influence the differentiation of T cells and promote Th1-type immune responses in CD4 + and CD8 + T cells [5, 8] . Virtually all immune cell types express receptors for IFN-g and are influenced by this cytokine. Signaling by IFN-g leads to up-regulation of class II major histocompatibility complex (MHC) expression, which in turn increases the antigen presentation to CD4 + T cells by macrophages, dendritic cells, and B cells [9, 10] . IFN-g also increases the expression of class I MHC, resulting in enhanced stimulation of antigenspecific CD8 + T cells [11, 12] . Upon stimulation of these cells by IFN-g, CD8 + T cells are important in the eradication of intracellular virus during recovery from viral infections [13] [14] [15] . Moreover, high levels of IFN-g bias the polarity of CD4 + T helper cells towards a Th1 phenotype, characterized by production of IL-2 and IFN-g [16, 17] . A Th1-type immune response is fundamental to the development of host immunity against many pathogens, including influenza A virus [18] [19] [20] . IFN-g is also necessary for T cell-mediated viral clearance and limitation of latent viral infections [21] . Moreover, IFN-g production is considered to be critical in determining vaccine efficacy [22, 23] . Therefore, measurement of IFN-g production in both natural and experimental influenza A virus infections will improve our understanding of the antiviral immune response, which may assist the development of more effective vaccines.
Several animal models have been developed for testing the efficacy of influenza vaccines and antiviral therapies, including mice, rats, guinea pigs, nonhuman primates and ferrets [24] [25] [26] [27] . Ferrets (Mustela putorius furo) have been used by researchers to identify novel viruses, determine strain toxicity and evaluate vaccines [28] . Ferrets are naturally susceptible to human strains of influenza virus and display many of the same symptoms that appear in humans, including sneezing, nasal discharge, weight loss and an increased body temperature [29] . Indeed, the Spanish flu virus (H1N1) was first identified in ferrets [28] . Ferrets therefore represent a fundamentally important model for studying the transmission and pathogenesis of influenza. A current limitation to the ferret influenza model, however, is the lack of species-specific immunological reagents required to assess host responses in vaccinated and infected animals. In the current study, we report the full-length cloning of the ferret IFN-g cDNA, expression of the recombinant cytokine, and the generation of monoclonal antibodies suitable for ELISA and ELISPOT detection of natural ferret IFN-g.
Materials and methods

Experimental animals
Six-month-old male ferrets (M. putorius furo) were purchased from Triple F Farms Inc. (Sayre, PA, USA) and housed at the Southern Research Institute (SRI) BSL-2 animal facility (Birmingham, AB). Approval by IACUC and IBC committees at SRI were obtained for all procedures. After arrival, ferrets were quarantined and monitored for 1 week prior to tissue and blood collection. Animal diets were based on a low fat, high protein regimen.
Female Balb/c mice (4-6 weeks old) were purchased from Jackson Laboratories (Bar Harbor, ME, USA).
Total RNA purification and cDNA cloning of ferret IFN-c Ferret whole blood was diluted 1:1 with RPMI 1640 cell culture media (Invitrogen, Carlsbad, USA) and stimulated with mitogens LPS (1 mg/ml, Sigma Chemicals, St. Louise, MO, USA), PMA (50 ng/ml, Sigma), ionomycin (0.1 mM, Sigma) and poly I:C (25 mg/ml, Sigma) and incubated at 37 1C in 5% CO 2 for 2, 4, 8, and 12 h prior to RNA purification. Paxgene RNA isolation method (Qiagen, Mississauga, Canada) was used according to manufacturer's protocols. cDNA was synthesized from purified total RNA by reverse transcriptase II (Invitrogen) according to supplier's protocol. A 907 bp cDNA fragment was amplified by PCR using consensus sequence primers based on nucleotide sequence alignment of IFN-g from multiple species, including dog, cat, and pig. The PCR fragment was isolated, cloned and sequenced to confirm that it encompassed the full-length coding sequence for ferret IFN-g. An expression vector for IFN-g was generated by PCR-based subcloning using the following primers: 5 0 -CGATGAATTATACAAGCTATATCTTA-3 0 (forward) and 5 0 -TTTCGATGCTCTG CGGCCGGGAAA-3 0 (reverse). The resulting 501 bp fragment was ligated into pCR 3.1-TOPO vector (Invitrogen). Nucleotide sequences of positive clones were confirmed by dideoxy sequencing using ABI 3730XL DNA analyzers (Center for Applied Genomics, Toronto, Ontario). Gene identification was carried out by Basic Local Alignment Search Tool (BLAST) analyses against National Centre for Biotechnology Information (NCBI) databases at National Institutes of Health, USA. Multiple sequence alignment was performed using Clustal X included in the Lasergene Software package (DNAStar Inc., Madison, WI).
Gene transfection, expression in COS-7 cells, and protein purification
PCR was used to generate a Kozak sequence at the 5 0 end of the ferret cDNA, and to remove 3 0 end termination codons before subcloning into pcDNA3.1/His6.V5/TOPO expression vector (Invitrogen) to produce a His6/V5 tagged form of the protein. Expression constructs were sequenced to verify sequence and orientation. COS-7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen), supplemented with 10% fetal bovine serum (Invitrogen) at 37 1C, 5% CO 2 . COS-7 cells were transiently transfected with plasmid encoding the recombinant ferret IFN-g using Effectene (Qiagen) according to recommended protocols of the manufacturer. After 24-48 h, the cell culture supernatant from the IFN-g-transfected cells was run through Ni-NTA metal immobilized affinity column (Novagen, EMS Chemicals, San Diego, CA, USA) to bind HIS-tagged recombinant ferret IFN-g protein. The purified protein was washed and eluted according to manufacturer's suggested protocol. Fractions collected from the washing and elution steps were screened by immunoblotting using an antibody recognizing the V5 epitope (Invitrogen). Fractions containing the IFN-g protein were pooled and dialyzed against phosphate buffered saline (PBS) at 4 1C and concentrated by spin column (Nanosep 10k OMEGA, Pall Life Science, East Hills, NY, USA). The protein concentration was determined by protein assay kit (Pierce, Rockford, IL, USA).
Western blot analysis
10-15% SDS-poylacrylamide gel electrophoresis (SDS-PAGE) was performed with pre-cast gels (Bio-Rad, USA), or 10% NuPAGE pre-cast gels (Invitrogen) according to standard protocols. Protein was transferred to nitrocellulose and the membranes were blocked with 5% fat-free milk, 0.01% Tween-20 in PBS (TPBS) for 1 h at room temperature. Membranes were incubated at 4 1C for 4-16 h with monoclonal anti-V5Ab (1:1000) (Invitrogen) or hybridoma culture supernatant (1:50). Hybridized membranes were washed with TPBS and incubated with goat-anti-mouse-HRP (1:5000) (Santa Cruz, CA, USA) for 1 h at room temperature. Protein blots were visualized using enhanced chemiluminescent (ECL) reagents according to supplier's protocol (GE Healthcare, Canada).
Isolation of peripheral blood mononuclear cells (PBMC)
PBMCs were isolated from ferret blood gradient centrifugation through Histopaque solution (Sigma) according to manufacturer's protocol. Briefly, whole blood was diluted 1:1 with PBS (10 ml), layered on to 5 ml Histopaque solution, and centrifuged 400g for 20 min. The enriched mononuclear cell layer at the Histopaque-plasma interface was harvested and used as the source of PBMCs.
Mouse B cell hybridoma preparation
Recombinant ferret IFN-g (50 mg) and 2 mg of keyhole limpet hemocyaine (KLH) (Calbiochem, San Diego, CA, USA) were diluted in 0.5 ml PBS. Five microliters of glutaraldehyde was added and the mixture was allowed to incubate at room temperature for 1 h. Due to the appearance of aggregates, the whole mixture was washed on a spin column (Nanosep 10 k OMEGA, Pall Life Science) and concentrated to 0.1 ml volume. Following centrifugation, 0.5 ml PBS was added and the mixture was centrifuged again. After two rounds of PBS addition and centrifugation, the mixture was made up to 0.5 ml in PBS and used as the source for the priming antigen. Mice were immunized with 25 ml antigen suspension in emulsified Complete Freund's Adjuvant. Mice were injected an additional two times at bi-weekly intervals with 5 mg of recombinant ferret IFN-g. Three days after the third injection, spleen cells were removed and isolated for fusion with Sp2/0-Ag14 using polyethylene glycol (Roche, Mannheim, Germany) and hypoxanthine aminopterin thymidine (HAT) resistant hybridomas were selected. Hybridoma cells were screened for the reactivity against IFN-g by ELISA using Nunc MaxiSorp 96 well plates coated with ferret IFN-g (100 ml, 0.1 mg/ml).
Ferret IFN-c-specific ELISA
A 96-well ELISA plate (MaxiSorb, Nunc) was coated with 100 ml/well monoclonal anti-IFN-g (2 mg/ml) overnight at 4 1C. The wells were blocked with 150 ml 1% BSA in PBS for 1 h at 37 1C. Supernatants from mitogen-stimulated PBMC cultures or serum from influenza A virus-infected ferrets were loaded into each well at dilutions described in the text and incubated for 1 h at 37 1C. Wells were washed with PBS/ 0.5% Tween-20 and then incubated for 1 h at room temperature with biotin-conjugated anti-IFN-g antibody (1 mg/ml in 0.5% Tween-20/1%BSA). The wells were washed three times with PBS/0.5% Tween-20 before incubation with HRP-Avidin for 30 min. The substrate (o-phenylenediamine, Sigma) was applied for 15 min at room temperature. Colorimetric changes were quantitated using an automated ELISA reader (mQuant, BIO-TEK Instruments, Winooski, VT, USA).
Ferret IFN-c-specific ELISPOT assay PVDF plates (Millipore, MAIPS4510) or MaxiSorp plates (Nunc) were coated with a monoclonal anti-ferret IFN-g antibody as the capture antibody, and blocked with 1% BSA-PBS. Ferret PBMCs were cultured in the presence of stimulating reagents as described in the text for 18 h. Wells were washed with water to remove cells and then captured IFN-g was detected by a biotin-conjugated detection antibody coupled to HRP-avidin (Sigma). The ELISPOT was developed using DAB (Vector Laboratories, Burlingame, CA, USA).
Infection of ferrets with influenza A virus
Male ferrets (castrated, descented) weighing approximately 800-1000 g were infected intranasally with 10 6 EID 50 influenza virus (H3N2 strain: A/Panama/2007/99) in 1 ml PBS. An additional three animals were mock-infected using PBS diluent alone. Animals were euthanized humanely 6 days post-infection, and serum was obtained using 10 ml SST vacutainer tubes according to manufacturer's recommended procedure.
Results
Cloning of ferret IFN-c cDNA and the expression of His 6 -,V5-tagged recombinant IFN-c in COS-7 transfectant cells A cDNA encoding ferret IFN-g was cloned from isolated total RNA derived from mitogen-stimulated ferret PBMCs as described in the materials and methods. The cDNA sequence and predicted amino acid sequence for ferret IFN-g are depicted in Figure 1A . Amino acid sequence homology to the predicted ferret IFN-g was highest in the Eurasian badger (Meles meles) (97%), followed by the canine (86%) and feline (83%) sequences ( Figure 1B) . The homology of ferret IFN-g to human and mouse IFN-g was 63% and 48%, respectively. Phylogenetic analysis using BLAST (see Figure 1C ) indicates that closest orthologue of ferret IFN-g is that of the badger. The ferret IFN-g cDNA was subcloned into the His 6 -,V5-fusion protein expression vector and subsequently transfected into COS-7 cells to produce recombinant IFN-g protein. Ferret IFN-g protein was secreted from the COS-7 transfectants (fIFNg-COS-7) and migrated as a 35-45 kDa band when subjected to immunoblotting experiments using a V5-specific antibody (Figure 2 ). Since the estimated molecular weight of ferret IFN-g is 17 kDa as the monomer, the band detected in Coomassie blue staining and immunoblotting is consistent with the dimerized form of IFN-g.
Generation of monoclonal Abs specific for ferret IFN-c
In the early attempts to monitor IFN-g in ferret cell cultures, we tried commercially available cytometric bead arrays, which employ human or mouse IFN-g-specific antibodies. Neither human nor mouse-specific arrays resulted in the positive detection as antibodies did not cross react with ferret IFN-g. We are therefore prompted to generate monoclonal antibodies specific to ferret IFN-g. To produce ferret IFN-g specific antibodies, recombinant IFN-g was conjugated to a carrier protein, KLH (keyhole limpet hemocyanin) using glutaraldehyde. The resulting KLH-IFN-g complex was injected i.p. into Balb/c mice. Following fusion of splenocytes isolated from IFN-g-immunized mice with hybridoma parent cells, IFN-g-reactive B cell hybridomas were established. Hybridoma clones, selected by ELISA reactivity, were tested for specificity by immunoblotting against recombinant ferret IFN-g and supernatants from mitogen-stimulated ferret PBMCs (Figure 3 ). Clone 3E7 recognized a 36 kDa band in samples of recombinant ferret IFN-g, demonstrating that the ferret IFN-g reactive monoclonal antibody can also detect the dimerized form of IFN-g ( Figure 3 ). Additionally, a weak band at 65 kDa was consistently observed indicating a possible detection of another oligomeric form of ferret IFN-g ( Figure 3 ). Interestingly, the study of culture supernatants derived from mitogen-stimulated PBMCs showed prominent bands at 60-70 kDa and the band at 36 kDa was only weakly detectable ( Figure 3) . The data indicates that the native ferret IFN-g exists as an oligomeric form (likely a dimer of the dimer), while the recombinant IFN-g exists predominantly as a single dimer.
Utilization of monoclonal antibodies for the detection of ferret IFN-c by ELISA and ELISPOT immunoassays
An important application for monoclonal anti-ferret IFN-g antibodies is the detection and quantitation of IFN-g protein in biological samples. To this end, we tested our monoclonal antibodies for utility in a ferret IFN-g-specific ELISA assay. To select the antibody pair for IFN-g recognition in ELISA assays, we tested monoclonal antibodies derived from different clones. The clone 3E7 was conjugated to biotin and used as the detection antibody against ferret IFN-g and antibodies from five other clones were used to coat the assay wells. Of the five monoclonal anti-ferret IFN-g antibodies that we screened in this manner, the clone 1E3 consistently showed the presence of Ferret IFN-g in mitogenstimulated ferret spleen cell supernatants. Therefore, we decided to continue using 1E3 as the ELISA capture antibody paired with 3E7 as the detection antibody. As shown in Figure 4A , an ELISA was carried out using the paired capture and biotin-conjugated detection antibodies, and demonstrated an increase in optical density that correlated directly with the concentration of purified recombinant IFN-g. The increase in optical density exhibited a smooth logarithmic correlation between 10 pg/ml and 10 ng/ml of recombinant IFN-g protein (R 2 ¼ 0.9826). Using this standard curve, we measured the concentration of IFN-g in in vitrostimulated PBMC supernatants. IFN-g was present only in samples that were treated with PMA in conjunction with a Ca 2+ ionophore ( Figure 4B ). The results indicate that the monoclonal antibodies selected are applicable for ferret IFN-g-specific ELISA.
Our primary scope in developing the ferret IFN-g-specific monoclonal antibodies was to develop a reagent with which to measure IFN-g immune responses in tissues or cells derived from influenza A virus-infected ferrets. To this end, an ELISA using the capture-detection monoclonal antibody pair was used to assess the level of IFN-g in sera obtained from influenza A-infected ferrets. The assay showed substantial levels of circulating IFN-g on day 6 post-infection ( Figure 5 ). The level of IFN-g in serum from the non-infected control ferret was below the detection limit. These results show that the ELISA assay using our anti-ferret IFN-g monoclonal antibodies will be invaluable in monitoring systemic IFN-g responses during a host response against virus infection.
ELISPOT IFN-g assays are also a key tool in the determination and quantitation of IFN-g-secreting cells. To develop a ferret-specific IFN-g ELISPOT assay we employed the same set of monoclonal ferret IFN-g antibodies, clone 3E7 and 1E3. ELISPOT was performed on ferret PBMCs that had been stimulated with PMA plus ionomycin. As demonstrated in Figure 6 , increasing numbers of IFN-g secreting cells were detected in direct proportion to the number of stimulated cells plated, while the number of IFN-g positive cells did not increase above background when increasing numbers of unstimulated cells were plated. The results indicate that 3E7 and 1E3 anti-ferret IFN-g monoclonal antibodies will be invaluable for performing ELISPOT analysis of IFN-g levels in ferret tissue.
Discussion
Experimental models that would allow the testing of effective treatments or vaccines for infection by novel influenza A viruses are currently in high demand. Ferrets have been used as an animal model of infection with influenza A viruses to test the severity of the disease and also to evaluate efficacy of potential vaccines [27] . between ferret and other known vertebrate IFN-g sequences. This tree was constructed using CLUSTAL W and MEGA 3.1 packages and bootstrapped 10,000 times. y Bootstrapping confidence values are between 66 and 100. The Gene peptide accession numbers for IFN-g are: badger, CAA72346; dog, AAD314233; panda, ABE02189; cat, BAA06309; rhinoceros, ABC18310; donkey, AAC42595; pig, ABG56234; dolphin, BAA82042; sheep, ABD64367; buffalo, BAE75855; cow, NP_776511; armadillo, AAZ57195; woodchuck, AAC31963; rabbit, BAA24439; human, P01579; monkey, AAM21477; mouse, P01580; rat, NP_620235; chicken, CAA69227; zebrafish, BAD06253. the generation of two monoclonal antibodies specific for ferret IFN-g and the subsequent development of immunoassays for the detection of native IFN-g. We anticipate that the IFN-g immunoassays established in this study will be useful in gaining insight into ferret antiviral responses and in other immune processes in general. Previous studies on IFN-g have shown that there is a strict species-specific activity of IFN-g. IFN-g genes isolated from diverse species such as guinea pig, turkey, rhino, and catfish have been previously described in the literature [30] [31] [32] [33] [34] . Since ferrets are susceptible to human viral diseases, including influenza A virus [35] and SARS-coronavirus [29] , we expect that the availability of the ferret IFN-g assay system described in this study will greatly expand the utility of the ferret infection model.
Unexpectedly, the monomeric form of IFN-g (17 kDa) was detectable at only low levels in recombinant ferret IFN-g samples. Instead, a dominant band at 36 kDa was consistently observed during Western blotting whereas a weak band at 65-70 kDa was also observed in the same sample. Conversely, when native IFN-g in mitogen-stimulated PBMC culture supernatants were investigated with monoclonal antibodies, dominant bands were identified at 65-70 kDa and the 36 kDa band was barely detectable. Oligomeric forms of IFN-g were very stable aggregates, as treatment with reducing reagents, guanidine or urea did not disrupt the IFN-g into its monomeric form (unpublished data). Since the IFN-g dimer was also observed in supernatants from mitogen-stimulated ferret PBMC cultures, it is unlikely that the dimerization is caused by the epitope tags present on the recombinant protein. The recombinant IFN-g dimer was found to have biological function consistent with known IFN-g activity [36] . with the dimerized recombinant IFN-g increased the surface presentation of class II MHC (unpublished data), suggesting that the recombinant ferret IFN-g is able to maintain biological function in the dimerized form. We observed, however, an IFN-g-specific band in Western blotting of mitogen-stimulated PBMC culture supernatants at a molecular mass at 65 kDa. This suggests that the probable form of ferret IFN-g in vivo exists in tetrameric form rather than a dimeric form. Our observation of recombinant ferret IFN-g seems to contradict the recent report on guinea pig IFN-g in which recombinant IFN-g was shown to exist primarily as a monomer [30] . Recombinant guinea pig IFN-g was expressed in bacteria, and the purified protein was capable of stimulating the class II MHC expression in guinea pig cells. It has been reported previously that human IFN-g shows a dominant band at approximately 65 kDa in immunoblotting and human IFN-g specific receptors are shown to be reactive with IFN-g dimers [37] . Other groups have demonstrated that carbohydrate modification alters the molecular nature of human IFN-g [38] . Taken together, these observations suggest that it is not unreasonable to find that ferret IFN-g may exist in monomeric, dimeric and oligomeric forms. Subtle variation in amino acid sequences between two species may result in differences in post-translational modification by glycosylation, which could result in differential association of monomers into oligomers. Alternatively, the origin of cells secreting IFN-g, such as CD8 + T cells or NK cells, may determine the differences observed in IFN-g oligomerization. The interaction between ferret IFN-g and its receptor under physiological conditions may be mediated by IFN-g dimerization or oligomerization. Whether or not dimerization is the mechanism of IFN-g activation in other species obviously requires further investigation. Cloning and expression of biologically active ferret IFN-g is critical in the development of immunoassays such as ELISPOT and ELISAs for detection of interferon production and interferon producing cells. These reagents will be invaluable in the assessment of vaccine efficacy against influenza A and other emerging infectious viruses. Figure 6 ELISPOT assay for the IFN-g producing cells in mitogen-stimulated ferret PBMCs. ELISPOT assay was performed in the same manner outlined for Figure 4 for capture and detection. Ferret PBMCs were plated in serial dilution and stimulated with PMA plus ionomycin for 18 h and IFN-g secreting cells were detected by biotinylated capture antibody. The y-axis depicts the number of IFN-g spot forming cells per well; total cells per well are indicated on the x-axis. Data shown are the average of triplicate samples.
